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The results of the Shubnikov-de Haas ~SdH! effect and magnetization of single crystals of
~Cd12x2yZnxMny!3As2 ~CZMA! are presented. Specimens with x1y50.3 and y50.04, 0.06 and
0.08, subjected to long-time thermal annealing, were studied. SdH effect was investigated in fields
B up to 11 T in the temperature range T54.2–20 K. Magnetization was measured at B<5. 5 T and
5 K<T<20 K. SdH oscillations were analyzed taking into account ~i! the anomalous magnetic field
dependence of the cyclotron mass observed recently in CZMA, and ~ii! influence of the s2d
interaction to the effective g-factor ~geff! of conduction electrons. The dependence of geff on B and
T was introduced in the analysis of the SdH oscillations by fitting the magnetization data with the
effective Brillouin function. Values of the exchange-independent part of geff , the exchange constant
in the conduction band and the spin-dependent part of the Dingle temperature were determined.
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Recently1 the Shubnikov-de Haas ~SdH! effect was stud-
ied in diluted II2V semiconductors ~Cd12x2y Znx Mny!3As2
~CZMA! with x1y50.3 and y<0.08, and strong magnetic
field dependence of the cyclotron mass according to the law
mc(B)5mc(0)1acB @with mc(0)/m050.02820.042 and
ac/m050.00820.012 T21# was established in samples with
y50.04–0.08. The dependence of mc on B has not been
predicted theoretically or observed earlier in diluted mag-
netic semiconductors ~DMS!. Additionally, CZMA crystals
demonstrate a set of unusual properties which in conven-
tional DMS are less presented or not observed at all. Among
them are the high-temperature spin-freezing effect, the
anomalous magnetoresistance and the strong dependence of
hopping conductivity on Mn concentration ~see Refs. 1 and 2
and references therein!. These phenomena were explained by
taking into account the complex crystal structure of CZMA
and the remanent disorder of its metallic sublattice.2 This
allows to suppose the same reason, remanent lattice disorder,
to be responsible for the cyclotron mass anomaly observed in
CZMA.1 However, further investigations are required to sup-
port this conjecture.
Investigations of as-grown CZMA crystals with rather
high spatial inhomogeneity of the electron concentration
gave no evidence for the field or temperature dependence of
the effective g-factor ~geff! of the band electrons.1 On the
other hand, the sensitivity of geff to B or T is a characteristic
feature of DMS and results from the s2d exchange interac-
tion between electrons and localized magnetic moments. In-
fluence of the s2d interaction to the band spectrum of DMS
modifies the content of harmonics in the SdH oscillations in
different field or temperature intervals. In a recent study3
CZMA crystals were subjected to long-time thermal anneal-
ing to reduce the fluctuations of the carrier concentration. In
the annealed crystals the dependence of mc on B was ob-
served along with presence of the first and the second har-
monics in the spectrum of the SdH oscillations.3 This dem-
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dependent’’ geff and the anomalous magnetic field
dependence of mc in one and the same material. However,
the analysis of the SdH effect performed in Ref. 3 is insuf-
ficient ~see Section III! because no parameters characterizing
the interaction of the electrons with localized magnetic mo-
ments have been determined.
Here we report the results of measurements of the SdH
oscillations and magnetization on the annealed CZMA crys-
tals. Investigations of both effects in the same specimens
offer the possibility of elucidating more information about
the s2d interaction and spin-dependent scattering of con-
duction electrons, and complementing the earlier1,3 analysis
of the SdH effect in CZMA.
II. EXPERIMENTAL DETAILS
CZMA single crystals with x1y50.3 and y50.04, 0.06
and 0.08 were grown by a modified Bridgman method1 and
were subjected to thermal annealing in vacuum during four
months at 100 °C. Magnetoresistance measurements were
made in the temperature range from 4.2 to 20 K in the trans-
verse magnetic field configuration ~B' j! between 0211 T
by using the six-probe dc technique4 and electrodes fixed by
soldering. Magnetization measurements were performed be-
tween 5 and 20 K in magnetic fields up to 5.5 T by using a
commercial SQUID magnetometer. The measurement is
made by cooling the specimen from 300 K in zero field and
recording the data by increasing step-wise the magnetizing
field.
III. EXPERIMENTAL RESULTS
The SdH oscillations observed in the CZMA specimens
with y50.04, 0.06 and 0.08 are displayed in Fig. 1. The
conductivity is presented in arbitrary units because only rela-
tive magnitudes of SdH amplitudes are significant. The SdH
concentration determined from the frequency of the SdH
maxima ~nSdH52.4, 2.1 and 2.831018 cm23 for y50.04,
0.06 and 0.08, respectively! is in excellent agreement with
the Hall concentration nR . Presence of the first and the sec-5151/3/$10.00 © 1997 American Institute of Physics
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ond harmonics of the SdH oscillations is evident from Fig. 1
and is attributed to the exchange-dependent geff . The ampli-
tudes of the first ~A1! and the second ~A2! harmonics were
determined using a conventional method5 ~see Fig. 2!.
FIG. 1. SdH oscillations in the annealed CZMA crystals with y50.04 at
T54.2 K ~1! and 10.7 K ~2!, y50.06 at T54.2 K ~3!, and y50.08 at
T510.1 K ~4!.
FIG. 2. Magnetic field dependence of the SdH harmonic amplitudes in a
crystal with y50.04 at T54.2 K ~s! and 7.0 K ~,! and in a crystal with
y50.08 at T54.2 K ~n! and 7.3 K ~h!. The solid lines represent the best
fits of the experimental data to Eq. ~1!. Lines 1-3 are calculated with
dTD50.2 K, 0.5 K and 0.9, K, respectively.5152 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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samples were analyzed in the field and temperature region
where the effects connected with the s2d interaction and
spin-dependent scattering of conduction electrons can be ne-
glected ~i.e., omitting the exchange-dependent contribution
to geff!. The linear dependence of mc on B with
mc(0)/m050.02320.036 and ac/m050.00520.015 T21
was established by using two different methods. Values of
the Dingle temperature, TD518–22 K, were found to be re-
duced compared with those determined for the as-grown
crystals ~TD532–39 K!.1
With increasing temperature or magnetic field, A2 ap-
proaches A1 or even exceeds it ~what is evident from Fig. 1!
demonstrating influence of the s-d interaction to geff . This
suggests that the effective g-factor of the band electrons is a
function of temperature and magnetic field in the investi-
gated samples. To take this into account ~see Section IV!,
magnetization measurements have been performed. The de-
pendence of the magnetization on the applied magnetic field
is shown in Fig. 3 for one of the specimens.
IV. DISCUSSION
The amplitude of the rth harmonic of the SdH oscilla-
tions can be written as5
Ar5
ArB
sinh~rz ! expS 2 rzTDT DFr~T ,B !, ~1!
FIG. 3. Magnetic field dependence of the magnetization of the crystal with
y50.04 at 5 K ~1!, 10 K ~2!, and 20 K ~3!. The solid lines are the best fits
of the experimental data with the values of gS052.1560.02, 2.4560.03 and
2.3860.07 and T055.560.1 K, 7.760.2 K and 6.860.8 K for curves 1, 2
and 3, respectively.Laiho et al.
ject¬to¬AIP¬license¬or¬copyright,¬see¬http://jap.aip.org/jap/copyright.jsp
where z5gmcT/B ~mc is in units of m0!, g514.68 T/K and
Fr5@2 cosh(2rzdTD/T)12 cos(2prv)#1/2. Here TD5(TD"
1TD# )/2 and dTD5(TD"2TD# )/2, where TD"# are the Dingle
temperatures for spin-up and spin-down electrons, respec-
tively. Taking into account the relatively wide gap, Eg;0.3
eV,1 the effective g-factor for the G6 conduction band can be
expressed as geff5g*1Nsa^Sz&/mBB , where Ns5N0 y is
the Mn concentration, a is the constant of the exchange
interaction in the G6 band, g* is the exchange-dependent part
of geff and ^Sz& is the mean value of the projection of the Mn
ion spin. The latter is connected with the magnetization,
M5NsgmB^Sz&, where g'2 is the Lande` factor. To take
into account the generation of the magnetic clusters the mag-
netization is expressed usually with the phenomenological
equation M5gNsS0mBBs~j!, where j5gSmBB/
[kB(T1T0)], S0 and T0 are the effective spin and tempera-
ture parameters and Bs~j! is the Brillouin function. The pa-
rameters S0 and T0 are determined by fitting the magnetiza-
tion data with this expression ~see Fig. 3!. The values of
gS0,5 suggest formation of antiferromagnetic clusters, as in
many other DMS.6–8 Using values of S0 and T0 , as well as
those of mc(B) and TD ,3 the SdH amplitudes were calcu-
lated with Eq. ~1!. From best fits of the calculated curves
with the experimental data of the amplitudes Ar(B) ~see Fig.
2! the values of the parameters g*, aN0 and dTD were de-
termined. They are collected in Table I. Similar values of the
exchange constant aN0 have been found earlier in CZMA
with x50.13 and y<0.03 ~down to 20.3 eV!9 and in some
other DMS ~0.28 eV in Hg12xMnxSe and 0.27 eV in
Hg12x2yCdyMnxTe!.6,10 The values of g* displayed in Table
I agree with those in the parent alloys ~Cd12xZnx!3As2 with
comparable nR and Eg~ug*u513–37!11 and in CZMA with
x50.28 and y50.02 ~ug*u524!.1 The SdH amplitudes ~A2!
calculated at different values of dTD are presented also in
TABLE I. Values of the exchange constant, aN0 , the exchange-independent
part of the effective g-factor, g*, and the spin-dependent part of the Dingle
temperature, dTD .
y
T
~K!
2aN0
~meV! 2g
dTD
~K!
0.04 4.2 220620 1961 2.160.2
7.0 250620 1761 0.960.1
10.7 270610 1861 0
0.06 4.2 230630 2062 0.560.2
9.1 270640 2063 0
0.08 4.2 230620 1861 1.360.3
7.3 220610 1761 0.660.2
10.1 270620 1862 0J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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found to be more sensitive to the variation of dTD than A1 .
The dependence of both amplitudes on this parameter de-
creases when T is increased. It may also be concluded that
dTD decays rapidly with growing temperature ~Table I!.
Such behaviour of dTD agrees completely with that observed
in other DMS.5,9
V. CONCLUSIONS
The analysis of the SdH effect in annealed CZMA crys-
tals has been performed taking into account both the anoma-
lous magnetic field dependence of the cyclotron mass and
influence of the s-d interaction to the effective g-factor of
the band electrons. The functions mc(B) obtained earlier on
the annealed crystals3 were used in the present study. The
dependence of geff on temperature and magnetic field was
introduced in the analysis of the SdH effect by using the
results of the magnetization measurements made on the same
CZMA specimens. By fitting the dependence of the first and
the second harmonic amplitudes on the magnetic field values
of the exchange-independent part of geff , g*, the exchange
constant in the conduction band, a, and the spin-dependent
part of the Dingle temperature, dTD , were determined ~Table
I!. The values of g*, a and dTD are reasonable and agree
with those determined in other DMS.5–10 This gives evidence
for coexistence of the two effects, the influence of the s-d
interaction to the effective g-factor and the anomalous mag-
netic field dependence of the cyclotron mass, in the same
material.
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